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EXPERIMENTAL BIAXIAL CREEP DATA FOR TANTALUM, MOLYBDENUM,
AND ALLOYS T-Ill, TZM, AND TZC
by William L. Maag and William F. Mattson
Lewis Research Center
SUMMARY
This report presents experimental, biaxial steady-state creep data for tantalum and
its alloy T-Ill and molybdenum and its alloys TZM and TZC. The test conditions in-
cluded a temperature range of 1340 to 1922 K (1950 ° to 3000 ° F), a stress range of
2.76×106 to 2.21x108 N/m 2 (400 to 32 000 psi), creep rates of 10 -3 to 10 -6 hr -1, and
test durations of 100 to 1000 hours.
These refractories have application as cladding materials for high-temperature fuel
pins used in liquid-metal-cooled nuclear reactors. The creep tests were conducted on
internally pressurized thin-wall tubes to simulate the multiaxial stresses and strains in
an operating fuel pin. The resulting biaxial creep data were analyzed using the
von Mises criterion for plastic flow. These data, in terms of effective stresses and
strain rates, were compared with uniaxial creep data of other investigators for the same
materials at similar test conditions. The results showed that the biaxial and uniaxial
creep properties of these refractories were equivalent when compared at the same effec-
tive stress and strain.
Steady-state creep-rate correlations were determined for each material for both
the biaxial data and a combination of biaxial and uniaxial data. The correlating equation
expressed the effective stress in terms of a power function and the temperature as an
exponential function. Graphs are presented showing the experimental data in relation to
each correlating equation.
INT RODUCTION
Refractory materials used in high-temperature designs are frequently subjected to
multiaxial stresses that may result in multiaxial creep strains. Prediction of these
strains is usually based on hypothetical relations between uniaxial creep and multiaxial
creep. Experimental data relating uniaxial and multiaxial creep are available for the
more commonmaterials suchas lead, aluminum, and the steels. This study provides
multiaxial creep data for five refractory metals andalloys and compares the results
with uniaxial creep data for the samematerials obtainedby the conventionaltensile
creep test. The materials investigated are the refractory metal tantalum and its alloy
T-111 (Ta-8W-2Hf) and molybdenumand its alloys TZM (Mo-0.5Ti-0.08Zr-0.03C) and
TZC (Mo-1.2Ti-0.25Zr-0.15C). These materials haveparticular applications to space
power nuclear reactors. As fuel-pin cladding material they are fabricable, possess
goodhigh-temperature strength and in proper combinationare compatible with liquid
metals and nuclear fuels.
The experimental model used herein to obtain multiaxial creep data was the inter-
nally pressurized thin-wall tube havingdiameter-to-wall-thickness ratios greater than
15. This model exhibits a biaxial creep condition in which the ratio of the two larger
principal stresses (tangential and axial) is approximately 2 to 1and the third principal
stress is small and negative. This modelwas chosenbecauseit approximates the multi-
axial creep conditions of an operating fuel pin andbecauseit offers a relatively simple
theoretical relation betweenmultiaxial anduniaxial creep whenthe yon Mises criterion
for plastic flow (refs. 1and 2) is used.
The experimental biaxial creep data in the form of equivalentuniaxial stresses and
strain rates were correlated by the methodof reference 3, in which stress is expressed
as a power function andtemperature as an exponentialfunction. Thesedata were com-
pared with conventionaluniaxial creep data reported by various investigators (refs. 4
to 7) for similar test conditions. The experimental conditions include a temperature
range of 1340to 1922I_ (1950° to 3000° F), a stress range of 2.76x106 to 2.21x108
N/m 2 (400 to 32000 psi), creep rates of 10-3 to 10-6 hr -1, test times of 100to 1000
hours, and similar chemical compositions andthermomechanical histories for the test
specimensof eachmaterial.
APPARATUSAND PROCEDURE
The method of testing was to subject the test material to a multiaxial stress at a
constanthigh temperature for a knownperiod of time and to measure the resulting creep
strain. The material was in the form of a tube. The multiaxial stress was applied by
internally pressurizing the tubewith argon gas. Temperature was controlled in a con-
stant temperature furnace with an argon gas environment. Contaminationof eachtest
specimenwas minimized by thorough cleaningprocedures, wrapping eachtube in a
gettering foil andusing high-purity argon gas for the test environment. Table I shows
that the changein specimencompositions for randomly selected tubeswas maintainedat
an acceptably low level by theseprecautions.
The multiaxial creep-rate data were converted to equivalent uniaxial databy the
method of reference 2, correlated by the method of reference 3, and comparedwith
existing uniaxial creep-rate data for the samematerials and similar test conditions.
Test Specimen
Figure 1 is a sketch of a typical test specimen. The tubes were drilled and lapped
using both extruded tube stock and bar stock. Caps of the same material were welded
to both ends. A small-diameter pressurizing tube of either tantalum or molybdenum,
depending on the specimen material, was welded into one end cap. The tube specimen
was either 6.35 or 7.62 centimeters (2.5 or 3 in. ) long and 1.59±0. 00254 centimeters
(0.625±0.001 in. ) in outside diameter. Wall thickness was either 0. 0254+0. 00127 centi-
meter (0.010±0.0005 in. ), 0. 0508±0.00254 centimeter (0. 020±0.001 in. ) or
0. 1016±0. 00254 centimeter (0.040±0.001 in. ). The pressurizing tube was 0.3175 centi-
meter (0. 125 in. } in outside diameter, 0.0635 centimeter (0. 025 in. ) in wall thickness,
and 30.48 centimeters (12 in. ) long. The inside and outside surface finish for the tube
specimen was 64 rms or better. The parts for each tube assembly were inspected for
dimensional tolerance and surface imperfections and then degreased in acetone and al-
cohol before welding. All welding was done by the electron-beam method in a vacuum
of 10 -6 torr or by the gas tungsten-arc method in an argon-purged dry box. Each com-
pleted specimen was leak tested using a helium mass spectrometer detector to ensure
the integrity of all welds. An identifying symbol was scribed on the bottom cap of each
tube specimen with a vibrating pencil.
Test Apparatus
The test apparatus is shown schematically in figure 2, and the test facility in fig-
ure 3. It consisted of a high-temperature furnace in which the tube specimens were po-
sitioned. Each tube was connected to a high-pressure gas system via the small pres-
surizing tube. Instruments for measuring pressure and temperature were provided.
Two identical set of equipment were used for these tests. Each had a capacity to test
30 tube specimens at a time, but a typical load was about 10 tubes.
Each tube specimen was cleaned in alcohol and wrapped in 0.0025-centimeter-
(1-mil-) thick tungsten foil. All tubes for each run were positioned in a molybdenum can
which was then packed with tungsten wool. The purpose of these steps was to minimize
the chemical reaction of the specimen material with any environmental contaminants
such as hydrocarbons or oxygen and nitrogen. A measure of the success of this effort
is shown in table I, which reports the increase in contaminant content for representative
test specimens. The small increases in contamination indicate that this effect was not
a significant factor in the creep results reported herein.
This method of packing also eliminated a vibration problem that occurred when the
specimens were suspended individually inside the furnace. The tubes and the molybde-
num can were suspended from the furnace cover plate through 0. 3175-centimeter-
(0. 125-in. -) diameter packing glands. After the furnace cover was in place, the small
pressurizing tubes were individually connected to the gas pressurization system.
The purging procedure was as follows: (1) the furnace was evacuated with a me-
chanical vacuum pump to a vacuum of 10 -2 torr and then filled with argon to a pressure
of 1.22x105 N/m 2 (3 psig), (2) the tube specimens were internally pressurized to
7.92x105 N/m 2 (100 psig) with argon and exhausted to the atmosphere, and (3) both
purging operations were repeated five times. The result was a contaminant concentra-
tion equal to the purity of the argon gas, which was a high purity grade whose oxygen
content was less than 1 ppm.
The next step was to set the furnace pressure at slightly above atmospheric, power
the furnace to the desired temperature, and pressurize each tube to produce a prede-
termined stress. The test temperature was determined with a micro-optical pyrome-
ter sighting through a viewing port onto a blackbody suspended in the furnace hot zone.
The maximum furnace temperature was 2273 K (3632 ° F). The temperature was main-
tained within ±2 K by controlling the heater power input. Thermocouples were used
initially to monitor temperature but the stability of the power controller proved them
unnecessary. The temperature gradient along the length of the tube specimen was less
than 3 K.
The maximum rating for the pressurizing system was 8.36x106 N/m 2 (1200 psig).
A precision pressure gage with a range of 0 to 1.39x107 N/m 2 (0 to 2000 psig) and ac-
curate to +6.89x103 N/m 2 (1 psi) was used to measure the pressure in each tube. Once
the tube was pressurized, the pressure was sealed in the tube by closing a valve. Leak-
age from the closed system was practically nil for the duration of the test. However,
since the room temperature was not constant and a significant portion of the gas system
was at room temperature, the tube pressure could vary as much as +1 percent during
the test period. For the first few tubes tested, the tube pressure was monitored with
pressure transducers but the stability of the pressure reading proved this unnecessary
for subsequent tests.
Material
The material tested was procured from commercial vendors in the form of bar
stock or seamless tubing. The original form for each material was an arc-melted ingot
that was extruded to a 1. 905 centimeter (0.75 in.) diameter bar or tube. This
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material was recrystallized prior to machining into the final test tube dimensions. The
chemical compositions of representative heats tested are given in table II. After ma-
chining and assembly into a test specimen, each tube received a 1-hour heat treatment
at 1922 K (3000 ° F) before pressurization and testing commenced.
Measurements
The tangential creep rate was determined by measuring the outside diameter of the
tube before and after each test and dividing the difference by the time at temperature and
stress. No correction for true strain was used. The measurements were made at room
temperature on the unpressurized tube, thereby excluding the elastic and thermal expan-
sion components of strain. However, any primary creep that may have occurred was
included. Primary creep may have been a significant factor for the pure metal tantalum
and possibly molybdenum but was not considered significant for the refractory alloys
T-Ill, TZM, and TZC for the following reasons:
(1) Continuous uniaxial creep curves for these refractory alloys (ref. 4) indicated
the amount of primary creep strain was usually less than 0.1 percent at similar test
conditions. Most of the total strains for this investigation were from 1 to 10 percent.
(2) Several tests were conducted with T-111 and TZM tubes for which the creep
rate was determined after about 400 hours and again after about 800 hours at the same
test conditions. The intermediate creep rates which should more closely represent
steady-state creep differed from the total creep rates by less than 10 percent.
The outside tube diameter is an average of several measurements made at various
locations along the tube with a micrometer with a least count of 0. 000254 centimeter
C0.0001 in.). To avoid end effects, the distance representing one length-diameter ratio
(L/D) from each end was not included in the measurements. For strains less than about
10 percent, all measurements regardless of location were nearly identical, indicating
little or no end effects. However, when the strains exceeded about 10 percent, the tube
shape became more barrel-like and the diameter represented an average of several very
different measurements.
The multiaxial stress and strain analysis described in the section Analysis used the
creep rate based on the mean tube diameter, whereas the actual measurements repre-
sent the outside tube diameter. The mean creep rate was calculated from the test meas-
urements by the following approximation:
_m- -I-
which was derived using the assumption of constant volume. For the three differing-
wall-thickness tubes tested, this correction factor was 1.14, 1.07, and 1.03, respec-
tively. The second correction factor (2/_/3), which converts the mean tangential creep
rate to an effective uniaxial creep rate, is described in the Analysis section.
Analysis
The state of stress in a material at a constant temperature is defined by the three
principal stresses. The conditions at which plastic flow occurs for multiaxial stresses
can be predicted with reasonable accuracy by the yon Mises flow criterion. The
von Mises equations that define the states of stress and strain rates for an isotropic
material are
1 _(_I - _2 )2 - _3 )2 - al )2ffeff = -_ + (_2 + (_3
(i)
}elf =_/_ _(}I - E2)2 + (}2 - }3)2 + (E3 - E1)2
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(2)
Soderberg (ref. 2) presented an equation for each principal creep rate in terms of the
effective stress, the effective creep rate, and the principal stress as follows:
1E1 =- 1 - _ (cr2 + o'3
aeff
(3)
E2 = 2 - "_ (cr3 + _I
_eff
(4)
1= 3 - _ (Crl + a2
Creff
(5)
For the case of uniaxial creep, _2 = _3 = 0. Substituting these values into equations
(1) and (3) shows that the effective stress and creep rate are equal to the principal uni-
axial stress cr1 and principal uniaxial creep rate _ 1' respectively.
The state of stress for an internally pressurized thin-wall tube may be definedby
the three principal stresses acting in the tangential, radial, andaxial directions• For
a thin-wall tube, these stresses are definedas
PDm p
2w 2
P
_2 = _r = - --2
PD
m P
_3 = _a - 4w 2
The radial stress -P/2 is small relative to the other stresses for this study. Solving
equations (1), (3), (4), and (5) in terms of the tangential stress gives
aeff = "-1-= at2
In terms of the principal creep rates,
Ea=0
These relations state that a uniaxial creep test and an internally pressurized tube
creep test, conducted at the same temperature with the same material, will result in
equal effective stresses and strains if the thin-wall tube is pressurized to a tangential
stress that is 2/_/-3 times that of the uniaxial stress in a tensile specimen. The result-
ing tangential creep rate will be _/3/2 times that of the uniaxial creep rate and the
walls will thin at that same rate. The tube length will remain constant.
Both the biaxial creep data of this investigation and the uniaxial creep data of other
investigators were correlated by the statistical method presented in reference 3. The
empirical equation used for high-temperature, steady-state creep rate is
(6)
where A is a constant that includes such structural effects as grain size, dislocation
density, and other microstructural features; n is the stress exponent that normally has
a value of about 5 for pure metals and about 3 for alloys; and AH is the activation
energy for the controlling creep mechanism, which at high temperatures is similar to
the energy required for self-diffusion.
RESULTS AND DISCUSSION
The effective biaxial creep rate data of this investigation are presented in table HI.
The data include the following range of test conditions and results:
Temperature, I_ 1340 to 1922 (1950 to 3000)(°F)
Effective stress, N/m 2 (psi) 2.76×106 to 2.21×108 (400 to 32 000)
Effective creep rate, hr -l I0 -3 to 10 -6
Diametral strain, percent 0. I to 30
]Test duration, hr I00 to I000
The effective biaxial data for each material are presented graphically in figures 4(a)
to 8(a). The curves on semi-log plots represent the straight-line equation
E -Aexp(-_)
an
(Ta)
or
_n 2. 303 R
(Tb)
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which are rearrangements of equation(6) that permit showingthe effects of three vari-
ables ona two-dimensional plot. The constants n, A, and AH were determined from
a least-squares analysis of the experimental data (ref. 3). The datapoints represent
the experimental values of temperature, effective stress, and effective creep rate.
The dashedlines are located 21 standarddeviation from the correlating line andform
a region within which approximately two-thirds of the experimental data fall; they
thereby provide a measure of data scatter and reliability of the correlation equation.
This variation for each correlation is presented in table IV.
Figures 4(b) to 8(b) showthe correlation resulting from combining the effective
biaxial creep data of this investigation with uniaxial creep data obtainedby other inves-
tigators for the samematerial tested at similar conditions. These figures thus give a
direct comparison betweenthe biaxial anduniaxial creep properties of the material.
The empirical equationsfor bothbiaxial and combineddata, presented in figures
4 to 8, generally represent the experimental creep-rate data within plus and minus a
factor of 5, which is reasonably goodagreement for predicting refractory-metal creep
rate. The use of equation(6) to characterize high-temperature creep properties im-
plies that the energy term, AH, is analogousto the activation energy for self-diffusion
and that the exponentfor the stress function shouldagree with the acceptedvalues of
4 to 6 for pure metals and 2 to 4 for alloys (ref. 8). This, in fact, was the result for
most of the materials tested. Table IV compares the empirical constantswith the ideal
values.
The biaxial test results for the pure metal tantalum were the poorest of the mate-
rials tested. Onereason for this may be becausetantalum exhibits an appreciable
amount of primary creep which was not consideredby this investigation. The combina-
tion of biaxial anduniaxial data represents a better correlation as evidencedby the
closer agreementbetweenthe ideal and empirical correlation constantsshownin
table IV.
The biaxial creep properties of T-111 were of particular interest becausethis
tantalum alloy is being considered as a fuel-element cladding material for space power
nuclear reactors. The correlation for the biaxial data represents the majority of the
creep rate data within a factor of • 1.5. Thesedata included three heats of materials
and both extruded and bored tube specimens. The combinedbiaxial and uniaxial corre-
lation represents the majority of the datawithin a factor of +1.8. Included in these data
are eight different heats of material. All the T-Ill biaxial and uniaxial data represent
a heat treatment of 1 hour at 1922 K (3000 ° F) prior to creep testing. The good agree-
ment of the energy and stress constants with each other and with the ideal values shown
in table IV attests to the similarity and quality of these correlations. Photomicrographs
of representative, biaxially creep-tested T-ill specimens are shown in figure 9. The
effect of test temperature on grain size is apparent.
The molybdenumbiaxial datacorrelated satisfactorily, and primary creep did not
appear to be a significant factor. The fact that the strains for the molybdenummaterials
were generally muchgreater than for the tantalum materials would tend to minimize the
effect of the primary portion of the creep curve. The combination of uniaxial and biaxial
data actually resulted in a poorer correlation for molybdenum, both from the standpoint
of variability and agreementbetweencorrelation constants. Reasonsfor this would in-
clude different heat treatments andmuch higher carbon contents (140 and 250ppm) for
the uniaxial materials.
The biaxial and combinedbiaxial anduniaxial correlations for the molybdenumalloy
TZM were both satisfactory. Stress and energy constants for both equationsagreed
very closely with the ideal values of table IV. Thebiaxial correlation of figure 7(a)
represents only oneheat of material, whosecomposition is given in table II, anda
1-hour heat treatment at 1922K (3000° F) before creep testing. The combined correla-
tion of figure 7(b) represents two heatsof material and two heat treatments with the uni-
axial specimensbeing heat treated 1 hour at 1700K (2200° F) before creep testing.
The biaxial data for the molybdenumalloy TZC correlated satisfactorily, as shown
in figure 8(a). However, the correlation constantswere not in agreementwith the ideal
values of table IV. The combination of biaxial anduniaxial data, shownin figure 8(b),
resulted in a poorer correlation. The combination represents two heats of material but
both received the sameheat treatment of 1hour at 1922K (3000° F) prior to creep test-
ing. The reason for this apparentnonconformity of the biaxial and uniaxial creep prop-
erties of TZC is not known.
The chief significance of figures 4 to 8 is the reasonablygoodagreement that exists
betweeneffective biaxial and uniaxial creep data for these refractory metals and alloys.
The equationsrepresenting these datamay be usedfor designpurposes if the variability
andtest conditions associatedwith eachare fully recognized. The combinedcorrela-
tions better represent the materials simply becausea greater variety of datawas used
to determine them.
Representativecreep-tested tube specimensare shownin figure 10. The tantalum
and T-111 tubeswere seldom strained more thanabout 5 percent becauseof problems
with the pressurizing tubes, so the changein diameter is not obvious in the photograph.
Strains for the molybdenumand molybdenumalloy tubeswere generally muchgreater,
with many specimenstested to incipient failure or failure. This is evidencedby the
roughened, shiny skin and the developmentof longitudinal cracks in these tubes. Most
failures occurred gradually andwere evidencedby a gradual loss of gas pressure over
a period of several hours. However, a few tubes ruptured suddenlyas pictured by the
T-ill specimen in figure 10.
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SUMMARYOF RESULTS
An experimental study of the high-temperature, biaxial, steady-state creep proper-
ties of tantalum and its alloy T-111 and molybdenumand its alloys TZM and TZC was
conductedusing internally pressurized tube specimens. The test conditions included a
temperature range of 1340to 1922K (1950° to 3000° F), a stress range of 2.76x106 to
2.21x108N/m 2 (400to 32 000psi), and creep rates of 10-3 to 10-6 hr-1. The results
were
1. The biaxial and uniaxial creep properties of these refractory metals and alloys
are equivalent whencomparedon the basis of effective stress and strain rate as defined
by the von Mises criterion for plastic flow.
2. Steady-statecreep-rate correlations were determined for eachmaterial for both
the biaxial data and a combination of biaxial anduniaxial data. The correlations for
T-111, molybdenum, andTZM represented the experimental data very closely, andthe
correlation constantsagreedwith generally acceptedvalues from other investigators.
The tantalum correlations were not too satisfactory probably becausethe biaxial data
includeda significant amountof primary creep. The TZC correlation adequatelyrepre-
sentedthe biaxial databut the combinedbiaxial anduniaxial data resulted in a relatively
poor correlation.
3. For design purposes the correlations that combine the effective biaxial anduni-
axial databetter represent the materials becausethey include a greater variety of data
and hencea more representative sample.
Lewis ResearchCenter,
National Aeronautics and SpaceAdministration,
Cleveland, Ohio, October 15, 1970,
120-27.
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APPENDIX - SYMBOLS
A constant, hr-i (Nm-2) -n
D diameter, cm
AH activation energy, J/g-mole
n stress-dependency constant
P internal pressure, N/m 2
R gas constant, 8.3143
J/(g-mole)(K)
T absolute temperature, K
w wall thickness, cm
creep rate, hr-1
stress,
Subscripts:
a axial
eff effective
i inside
m mean
o outside
r radial
N/m 2
t tangential
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TABLE I. - CONTAMINANT CHANGE DURING TESTING
Material
Tantalum
T-Ill
Wall
thick-
ness,
am
O. 0254
•0508
•1016
O.0254
•0254
•0508
•I016
•1016
•I016
Oxygen I Carbon I Hydrogen Nitrogen
Chemical composition change, ppm
+270 -20
+120 +3
+105 -21
+91
+111
+35
+4
+1
+7
+19
+14
+8
-6
-6
-I
-- - +46
-- - +36
+16 +51
.... 4
--- +2
+I0 -6
-5 -6
+l +4
+4 -I
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TABLE II. - CHEMICAL COMPOSITION OF SPECIMEN MATERIAL
Element Tantalum T-Ill Molybdenum I TZM TZC
i
Composition in ppm unless noled
A1
B
C
Ca
Cb
Co
Cr
Cu
Fe
H
Hf
Mg
Mn
Mo
N
Ni
O
Si
Sn
Ta
Ti
V
W
Zr
"5
35
5
35
(a)
5
"5
''5
i
- 5
'5
<5
< 10
"5
• 50
5
(a)
Balance
"5
(a)
5
' 10
25 10
350
": 5
"I0
'120
20 '_ 10
2 1
Balance
1
": 10
":'5
i0
O. 014 wt. _,
"_20
1
2.0 wt. %
15
12
• 10
45
• 20
Balance
20
10
7.95 wt.
Balance
3
- 10
13
'120
O. 49 wt. %
O. 11 wt. q
Balance
1. 19 wt.
0.088wt. _ 0.17wt. %
Hardness ....... 207 to 217 233 to 238 279 to 287 285 to 292
(DPH)
aNone detected.
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TABLE III.- EXPERIMENTAL BIAXIALTEST RESULTS
Material
Tantalum
T-Ill
Tempera-
ture,
K
1367
1367
1644
1922
1810
1810
1478
1478
1588
1588
1699
1588
1588
1588
1810
1810
1810
1699
1478
1367
1367
1922
1922
1478
1588
1478
1699
1810
1810
1810
1922
1922
1922
1340
1644
1644
Effective
stress,
N/m 2
2.75x107
3.62
1.21
2.62x106
4.34
3.48
9.65
2.20x107
9.72x106
9.03
7.24
5.47×107
6.03
2.94
1.83
1.49
1.51
3.00
1.01×108
1. 10
1.43
8.76×106
9.86
6. 14
5. 16xlO 7
8. 12
2.83
2.38
3.26
2.32
2.72
1.54
1.61
1.58
1.54
1.55
2.21×108
4.09×107
4.13
Effective
steady-
state
creep rate,
hr -1
8.88x10 -5
3.30x10 -4
5.51
7.81x10 -5
5.69
3.98
2.61
2.01×10 -4
3.08x10 -5
2.11
4.45
5.00x10 -5
6.98
1. 12
7.84
5.67
4.60
6.06
1. 12×10 -4
1.52×10 -5
1.36
3.68
7.37
4.99×10 -6
1.02×10 -4
1.44×10 -5
8.85
5.94
1. 13×10 -4
4.60xlO -5
5.71x10 -4
4.54×10 -5
5.43
1.77×10 -4
2.23
2.60
1.40×10 -5
8.46
9.58
Diametral
strain,
percent
0.9
3.2
3.4
2.3
1.7
1.2
.4
3.2
.5
.7
3.1
1.4
1.6
.3
2.2
1.7
1.3
.8
1.6
.5
.4
1.1
2.2
.1
3.3
.2
1.3
1.6
2.7
3.2
1.2
2.3
2.6
5.0
1.2
4.1
.2
2.9
1.3
Wall
thick-
ness,
cm
0.0254
.0381
.0381
. 1016
. 1016
. 1016
.0381
.0254
.0381
.0508
.0508
0. 0254
.0508
.0508
. 1016
.0508
. 1016
. 1016
.0254
.0254
.0254
.1016
.0508
.0508
.0254
.0508
• 1016
• 1016
.0254
.0508
. 1016
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TABLE III.- Concluded. EXPERIMENTAL BIAXIAL TEST RESULTS
Material
Molybdenum
TZM
TZC
Tempera-
ture,
K
1644
1922
1922
1810
1810
1588
1478
1699
1367
1922
1810
1588
1588
1478
1699
1699
1810
1
1644
1367
1588
1588
1478
1478
!810
1699
1699
1922
1644
Effective
stress,
N/m 2
1.81x107
6.52x106
4.34
6.55
6.79
1. 17x107
3.66
6.96x106
1. 10xl08
1.75x107
1.31
1. 12
8.72x106
1.75x107
5.58
4.58
1. 10x108
2.7 Ix107
2.71
8.72x106
8.72
1. 14x107
8.76x106
4.07x107
1.47x108
7.28x107
9. 19
1.47",(108
1. 10
2.7 lxl07
3.43
3.25
1.26
4.07
Effective
steady-
state
creep rate,
hr -1
2.95×10 -3
3.57
4.81xlO -4
3.38
1.55
8.50× I0- 5
2.33×10 -3
7.76×10 -5
4.87xi0 -6
3.98xi0 -3
i. O0
9.07xlO -4
8.52
3.32
2.01
i. 84
7.02xlO -5
2.72x10 -4
3.38
5.27×10 -5
5.91
7.77
5.74
1.54x10 -4
2.68×10 -5
2.72)<10 -3
3.80
3.07
I. 36
1.66
I. 29
I. 07
7.80xlO -4
8.69
Diametral Wall
strain, thick-
percent ness,
cm
20.0 0.0508
24.8 .1016
14.2 .1016
9.8 . 1016
4.5 .0508
2.8 .0508
6.7 .0254
5.5 .1016
0.1 0.0254
27.7 . 1016
6.9 . 1016
6.3 .0508
8.0 . 1016
6.8 .1016
6.4 .0254
6.0 .0254
1.9 .0254
7.3 .0508
20.0 .0508
3.8 . 1016
4.2 . 1016
5.5 . 1016
4. 1 .0508
5.4 .0508
0.7 0.0254
18.4 .0508
9.9 .0254
6.1 .0254
12.4 .0254
15.1 .0508
15.7 .0508
12.4 .0508
19.7 .I016
13.2 .0508
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TABLE IV. - COMPARISON OF CORRELATION
VARIABILITY AND CONSTANTS
Variation for one standard
deviation, _max/,}-:
Biaxial
Combined
Stress exponent, n:
Ideal (ref. 8)
Biaxial
Combined
Activation energy, AH,
k J/g-mole:
Ideal (ref. 8)
Biaxial
Combined
Tantalum T-Ill
4to6 2to4
3.1 3.0
4.7 2.7
460 460
248 378
364 345
Molybdenum
1.8
1.9
4to6
5.3
4.5
502
501
327
TZM
1.5
2.0
2to4
3.0
3.1
502
481
509
TZC
1.8
4.2
2 to4
4.7
5.1
5O2
557
704
Test
tube
Pressurizing _
H Electr°n-
,- Gas tungsten-
/ arc or electron-
/ beam weld
f Gas tungsten-
// arc or electron-
beam weld
Figure 1. - Test specimen.
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pressure gage
Pressure
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High-pressure
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Pressure
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(.,) / // transducer
_ i -Pressure
Rel I I reservoir
valve vent _
I Thirty-station
IIii I manifold
I
f-----
I
!F
ii=
i I
I I
t II
Ill
Ill
I Ii
i IiI
/i
L Furnace
Figure 2. - Schematic of test apparatus.
Pressure
recorder
Temperatu re
recorder
Power
controller
Optical
pyrometer
Figure 3. - Test facility,
C-711 1_n_
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10-2T3- 0 Biaxial
i /x Uniaxial (ref. 6)
z. ,,,XO - +_1Standard deviation from correlating line
]o-2_ \\
10-2'._ -___
o\\
10-2] _ _\_,
lO-2J \
10-34
I ] 1 I I
(a) Biaxial; _ =4. 779x10"18o3"054 exp(-248 lOllRT).
\
\
\
\ \
]0-36 X\ '\\
\
\
\ \
}o-37 N \
10-38 --
10-39 __
10-40
5.0
\
\
\
\
X \
X \
N \
X
\
I [ I I I I
5.5 6.0 6.5 7.0 7.5 8. OxlO-4
Inverse temperature, liT, ]/K
I I I I
1922 1700 1478 1366
Temperature, K
(b) Uniaxial and biaxial; _ = 1.356xi0-25o4' 691 exp(-3640641RT).
Figure 4. - Creep test results for tantalum.
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10-25
10-26
10-27
10-28
10-29
10-30
10-23
10-24
10-25
10-26
I0-27
10 -28
i0-29
5.0
\
\
0 Biaxial
/', Uniaxial (refs. 4 and 5)
-- _ ±1 Standard deviation from
correlating line
\
\
0
\
(a}Biaxial; ¢ = 1.073xi0-15o3.008exp(-378 205RT).
\
5.5
1 I { I
6.0 6.5 1.0 7.5 8. OxlO-4
Inverse temperature, I/T, IlK
I I 1 I
1022 1700 1478 1366
Temperatu re, K
(b) Uniaxial and biaxial; _, - 1. 755x10"14o 2"706 exp4-_15 215/RT).
Figure 5. - Creep test results for T-111.
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10-38r A0
Biaxial
Uniaxial (ref. 71
±1 Standard deviation from
correlating line
10-4] \
,=
E
z
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0s
o
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¢y
\
\
\
10-38 I I I I
5.0 5.5 6.0 6.5 7.0xlO-4
Inverse temperature, l/T, I/K
I I I
1922 1700 1478
Temperature, K
(b) Uniaxial and biaxial; _ - 6. (]61x10-2% 4- .544
x exp(-327 478/RT).
Figure 6. - Creep test results for molybdenum.
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10-24
0 8iaxial
A Uniaxial Irels. 4and 51
-- -- ±1 Standard deviation from
correlating line
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5.5 6.0 6.5 7.0 7.5
Inverse temperature, liT. IlK
I I I
1922 1589 1366
Temperature, K
Ibl Uniaxial and biaxial; _ = 5. 598x10-12o 3" 127 exp(-508 84//RT).
Figure 7. - Creep test results for TZM.
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0 Biaxial
Uniaxial (ref. 4)
-- -- +1 Standard deviation from
correlating line
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10-48
10-49 __
i0-5_ _
10-51 _
i0-39
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10-42__
10-43
10-41 --
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10 -44 _
10-45 _
10 -46 _
10 -47 _
10 -48
5.0
\
\
\
\
\
\
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I
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I [ I I "6 I
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1 I I
1700 1478 1331
Temperature, K
{b) Uniaxial and biaxial; _: : 7.28_10-2lo 5" 121 expl-703 9871RTL
Figure 8. - Creep test results lor TZC.
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(a) After biaxial creep testing for 200 hoursat 1478K (2200° F)
and 6•14X106 N/m 2 (8910 Psi).
(b) After biaxial creep testing for 100 hours at 1699K (2600° F)
and 3.00X107 N/m2(4350 psi).
, . , _.
C-70-3271
(c) After biaxial creep testing for 340 hours at 1922K (3000° F)
and 8.76X106 N/m2 (1270 psi).
Figure 9. - Microstructure of T-Ill after heat treating for ] hour at 1922 K (3000 ° F)and biaxial creep testing. Elchant, 3 parts HN03, 1 part HF.
X250.
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Tantalum T-111 Molybdenum TZM
Figure 10. - Creep-tested tube specimens.
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